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Abstract Nine populations of Aphanius fasciatus Nardo,
1827 from the central Mediterranean were analysed by
examining the mitochondrial control region and the mor-
phology of the bony elements of the skull and vertebral
column, to study the degree of intraspeciWc diVerentiation
of A. fasciatus considering the level of isolation of the
diVerent populations and the palaeogeographic history of
the central Mediterranean area. Both the molecular and
morphological analyses diVerentiate between the popula-
tions, even if the topologies of the two trees are diVerent.
Molecular and osteological investigations have consis-
tently demonstrated a well-supported diVerentiation of the
south-eastern Sicilian populations both within the same
group (Tigano et al. in Ital J Zool 71:1124–1133, 2004a;
Tigano et al. in Abstract volume XI European Congress of
Ichthyology, Tallin, Estonia, 2004b), and from the popula-
tions from western Sicily, Tunisia and the island of Malta.
The molecular results show that the nine populations are
characterised by haplotypes that are well deWned in rela-
tion to a probably limited gene Xow; while, as regards the
morphological data the diVerentiation found could be
explained in terms of the geographic isolation of the vari-
ous populations, although the inXuence of environmental
factors, which diVer greatly between the various sites
where the populations live, cannot be ruled out.
Introduction 
Models of genetic variation relative to the geographic
distribution of a species, correlated to changes in gene
Xow over time and to diversiWcation of the populations,
have recently been studied using a phylogeographic
approach that has allowed a better interpretation of the
micro-evolutionary processes in nature (Avise 2000);
studies based on the analysis of variations in mitochon-
drial DNA, have shown a considerable phylogeographic
structure in populations of marine Teleostei (Bernardi
2000; Stepien et al. 2001).
Amongst the vertebrates, cyprinodontids are a group of
teleosts that is particularly suitable for the study of micro-
evolutionary processes which shape patterns of genetic
structuring and geographic variation in natural popula-
tions, as well as of those adaptive processes in response to
ecological conditions (Villwock 1976). There is a vast
amount of literature on the population diVerentiation of
killiWsh from the morphological, genetic and molecular
points of view (e.g. Echelle et al. 1987; Garciamarin et al.
1990; Fernandez-Pedrosa et al. 1995; Strecker et al. 1996;
Wilde and Echelle 1997; Duhan and Minckley 1998;
Duvernell and Turner 1999; Echelle et al. 2000; Perdices
et al. 2001; Torralva et al. 2001; Reichenbacher and Sien-
knecht 2002; Doadrio et al. 2002; Lussen et al. 2003).
The cyprinodontid Aphanius fasciatus Nardo
(Fig. 1), is currently distributed in the saline coastal
waters of the central and eastern Mediterranean, in salt
Xats and also occasionally in inland fresh water
(Wildekamp 1993). The natural fragmentation of such
saline habitats contributes to the non-contiguous
coastal distribution of this species, and studies of gene
Xow between populations suggest that the one-dimen-
sional stepping-stone model proposed by Kimura and
Weiss (1964) and Slatkin (1994) might best describe the
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1540mechanisms shaping the genetic structure of this spe-
cies (Maltagliati 1998b). Studies on the population
diVerentiation of A. fasciatus have utilised the osteol-
ogy of the skull (Tigano and Ferrito 1985; Tigano and
Parenti 1988; Tigano 1991; Parenti and Tigano 1993;
Tigano et al. 1999, 2001), allozymic variation (Compa-
rini et al. 1984; Maltagliati 1998a, b, 1999, 2002; Malta-
gliati et al. 2003; Cimmaruta et al. 2003), and
cytogenetic variation (Vitturi et al. 1995; Ferrito et al.
2000; Tigano et al. 2003). The allozymic and morpho-
logical investigations have all demonstrated a notable
diVerentiation of the populations; analogously, the
analysis of the highly variable D-loop tract of the mito-
chondrial DNA (Tigano et al. 2004a, b) has indicated a
strong genetic divergence between three Sicilian popu-
lations of this species. On the other hand, the molecular
analysis carried out by Hrbek and Meyer (2003)
showed that there is limited structuring of A. fasciatus
populations; however, authors who analysed various
species of the genus Aphanius, considered mitochon-
drial genes more useful for studies above the species
level. While the allozyme studies indicate that, in some
cases, there is indeed genetic divergence of the popula-
tions in relation to their geographic distribution
(Maltagliati 1998a, 1999), other studies both based on
allozymic (Cimmaruta et al. 2003) and morphological
data (Tigano et al. 2001; Ferrito et al. 2003), suggest
that this divergence does not relate to the geographic
distance between the diVerent populations. The aim of
the present study is to evaluate the degree of diVerentia-
tion of nine populations of the killiWsh A. fasciatus
from the central Mediterranean, on the basis of molec-
ular and morphological analyses, with reference to the
palaeogeographic history of the Mediterranean area.
Materials and methods
Specimens from six diVerent populations of A. fasciatus
were divided into three groups (two populations in each
group), based on their place of origin: western Sicily,
Tunisia and the island of Malta; data from a fourth
group of three populations from south-eastern Sicily
previously studied by Tigano et al. (2004a) (Table 1,
Fig. 2) were also used in the statistical analyses of genetic
structure and osteological variables.
Meristic and morphometric analysis
A total of 150 specimens of A. fasciatus (standard
length=2.1–4.6 cm) were Wxed in 5% formalin and then
preserved in 70% ethanol. For the study of the skeletal
elements, the specimens were treated according to the
procedure described by Dingerkus and Uhler (1977)
which employs alcian blue for the staining of cartilage
and alizarin red S for bone. Nineteen meristic and 25
morphometric characters were examined (Table 2). A dia-
grammatic representation of the osteological characters
considered in this study has been given by Ferrito et al.
(2003). The Kruskall–Wallis test was used for analysis of
variance while comparisons between the diVerent popula-
tions were made using the Mann–Whitney U test. DiVer-
ences in body shape were analysed using principal
component analysis (PCA). To summarise inter-popula-
tion diVerences, cluster analysis based on the unweighted
pair-group method using arithmetic average (UPGMA)
was applied to the matrix of the generalised Mahalanobis
distance. Statistical analyses were made using the soft-
ware package STATISTICA (http://www.statsoft.com).
Fig. 1 Aphanius fasciatus Nardol
Table 1 List of the populations examined: sampling areas with geographic co-ordinates, population identiWcation code and number of
specimens examined
Groups Sampling areas Co-ordinates Code Specimens
Sicily south-eastern Pantano Longarini 36°40N 15°02E LO n=25: 8 ## 17 $$ 
From Tigano et al. (2004a) Foce Marcellino 37°15N 15°12E FM n=25: 4 ## 21 $$ 
Pantano Viruca 36°39N 15°03E PV n=24: 8 ## 16 $$ 
Sicily western Salina Chiusa Trapani 38°01N 12°28E TP n=25: 5 ## 20 $$ 
Salina Curto Marsala 37°47N 12°27E SMA n=25: 6 ## 19 $$ 
Malta Ghadira Bird Sanctuary 35°27N 14°21E GHA n=25: 14 ## 11 $$ 
Salina 35°56N 14°24E SAL n=25: 11 ## 14 $$ 
Tunisia Lake Tunisi South 36°49N 10°14E LTS n=25: 6 ## 19 $$ 
Ghar El Milh 37°09N 10°09E GEM n=25: 11 ## 14 $$ 
1541To remove the size component from the shape measure-
ments (Thorpe 1976), all the measurements of the individ-
ual morphometric variables were standardised according
to the formula: MS=MO (LS/LO)
b, where MS is the stan-
dardised measurement, MO  the measured character
length, LS the overall (arithmetic) mean standard length
for all Wsh from all samples in each analysis, LO the stan-
dard length of specimen; b was estimated for each charac-
ter from the observed data by the allometric growth
equation M=aLb. Parameter b was estimated as the slope
of the regression of log MO on log LO, using all the speci-
mens from all groups, but allowing the intercept to diVer
between groups (Elliott et al. 1995).
Mitochondrial control region sequence analysis
Total DNA was extracted according to the method of
JeVreys and Flavell (1977) from 53 specimens of A. fascia-
tus. About ten specimens from each population were analy-
sed. For PCR ampliWcation of the mtDNA control region,
the forward primer (5-ACTATTCTTTGCCGGATTC
TG-3) (Tigano et al. 2004a) and the reverse primer
designed by Meyer et al. (1990) were used. The ampliWca-
tion conditions were as follows (30 cycles): 94°C, 1 min;
55°C, 1 min; 72°C, 2 min. The ampliWed DNA was directly
sequenced using an automated DNA sequencer (ABI
PRISM 310, from PE Biosystems). Alignments were per-
formed with the CLUSTAL W program (Thompson et al.
1994) set at default parameters. CLUSTAL W is available
from the Internet web site http://www.ftp.ebi.ac.uk. The
trees were produced using neighbour-joining (NJ) and
maximum parsimony (MP) with the PAUP 4.0 beta ver-
sion (SwoVord 1998). The NJ tree was constructed using
pairwise distances calculated following the application of
Kimura’s (1980) two-parameter correction for multiple
substitutions. The MP tree was produced using branch and
bound search with equal character weighting and random
stepwise addition with ten replications, with only minimal
trees being retained. Bootstrap values, indicating robust-
ness of nodes, refer to 1,000 replications. The alignment of
haplotype sequences (accession numbers from AM184186
to AM184201) with another eight sequences of three popu-
lations of A. fasciatus from south-eastern Sicily obtained
from GenBank (AJ605322-AJ605329) and the sequence of
A. danfordii used as outgroup (U06062) was 381 nucleo-
tides long. To complement these results, Nested Clade
Analysis was performed. The algorithm developed by Tem-
pleton et al. (1992) was implemented using the computer
program TCS 1.13 (Clement et al. 2000). The permutation
tests were carried out using the GEODIS 2.0 program
(Posada et al. 2000) and the results were analysed with the
inference key provided in Templeton and Sing (1993).
In order to investigate the correlation between molec-
ular and morphological distance matrices, Mantel’s test
was carried out on matrices of Mahalanobis and D-loop
K80 molecular pairwise distances. Probabilities were
read directly from the distribution of 5,000 randomised
matrices computed by permutation.
Fig. 2 Sampling areas in Sicily, 
Malta and Tunisia. The asterisk 
indicates the three south-eastern 
Sicilian populations (Tigano 
et al. 2004a). South-eastern Sic-
ily: LO Pantano Longarini, 
FM Foce Marcellino, PV Pant-
ano Viruca; Western Sicily: 
TP Salina Chiusa Trapani, 
SMA Salina Curto Marsala; 
Malta: GHA Ghadira Bird 
Sanctuary, SAL Salina; Tunisia: 
LTS Lake Tunisi South, 
GEM Ghar El Milh
1542Results
Meristic and morphometric analyses
The Kruskall–Wallis analysis of variance showed signiW-
cant diVerences between all the variables taken into con-
sideration. Results of the Mann–Whitney U test, carrying
out a pairwise comparison within each of the four groups
of populations, indicated that the south-eastern Sicilian
populations are well diVerentiated within the group; on
the other hand, the two western Sicilian populations are
the least diVerentiated.
The pairwise comparison between the four groups of
the killiWsh populations analysed in this study, show that
the south-eastern Sicilian populations are very much
diVerentiated from all the other groups, while the west-
ern Sicilian populations are well diVerentiated from
those of Malta and, to a lesser extent, from those of
Tunisia; Wnally, the Maltese and the Tunisian popula-
tions are the least diVerentiated (Fig. 3).
Multivariate analysis
A PCA on morphometric measurements normally results
in a Wrst principal component characterised by consis-
tently positive loadings, where size is the primary source
of variance in the data. However, because we analysed
standardised measurements to eliminate the size eVect, no
such eVect is expected in PC1. Principal components 1–5
account for 34.7, 9.3, 7.4, 6.7 and 5.0% of the total
variance, respectively; Fig. 4 shows PC1 and PC2. PC1
Table 2 List of the osteological
variables and the codes used in
the text
*Morphometric characters
**Meristic characters
Code Osteological variable
1 BB1 b1* Length of basibranchial 1
2 BB2 b2* Length of basibranchial 2
3 BS bc* Length of cartilagonous basihyal
4 BS bo* Length of ossiWed basihyal
5 BS n* Width of the area between cartilage and bone of basihyal
6 CB5 a* Width of ceratobranchials 5
7 CB5 dt** Total number of teeth of ceratobranchials 5
8 CB5 x* Tooth antero-posterior diameter of ceratobranchials 5
9 CB5 y* Tooth medio-lateral diameter of ceratobranchials 5
10 DE dt** Total number of teeth of dental
11 MX b* Length of maxillary
2 MX h* Width of maxillary
13 MX R* Ratio length/width of maxillary
14 PA br** Number of branched rays of anal Wn
15 PA rt** Total number of rays of anal Wn
16 PA ur** Number of unbranched rays of anal Wn
17 PB2 df** Number of tooth rows of pharyngobranchials 2
18 PB2 dt** Total number of teeth of pharyngobranchials 2
19 PB2 bs** Number of bicuspid teeth of pharyngobranchials 2
20 PB2 ts** Number of tricuspid teeth of pharyngobranchials 2
21 PB3 dt** Total number of teeth of pharyngobranchials 3
22 PB4 tp** Total number of teeth of pharyngobranchials 4 toothplate
23 PB4bs tp** Number of bicuspid teeth of pharyngobranchials 4 toothplate
24 PB4ts tp** Number of tricuspid teeth of pharyngobranchials 4 toothplate
25 PD br** Number of branched rays of dorsal Wn
26 PD rt** Total number of rays of dorsal Wn
27 PD ur** Number of unbranched rays of dorsal Wn
28 PMX b1* Length of premaxillary
29 PMX df** Number of tooth rows of premaxillary
30 PMX dt** Total number of teeth of premaxillary
31 PMX h1* Width of premaxillary
32 PMX R* Ratio length/width of premaxillary
33 PRS a* Width of parasphenoid
34 PRS b* Length of parasphenoid
35 SPC a* Width of the anterior bony end of supraoccipital
36 SPC b* Length of the antero-median cartilagineous strip of supraoccipital
37 SPC e* Width of the lateral processes of supraoccipital
38 SPC v* Length of the lateral processes of supraoccipital
39 UR b* Length of uroyal
40 UR c* Minimum width of urohyal
41 UR h* Heigth of hook of urohyal
42 VR n** Total number of vertebrae
43 VR x* Length of vertebrae
44 VR y* Width of vertebrae 
1543divides the south-eastern Sicilian populations from the
others (Fig. 4a). PC1 scores from the two groups of Sicil-
ian populations (eastern and western) diVer signiWcantly
from those of Malta and Tunisia. Moreover, PC1 scores
for individuals from eastern Sicily diVer signiWcantly from
those of western Sicily, while PC1 scores for individuals
from Malta and Tunisia do not diVer signiWcantly
(Table 3a). Six measures correlate highly (>0.7) with PC1
(Fig. 4b), of which Wve are measures of the oral and vis-
ceral bony elements: premaxillary and maxillary length,
basibranchial 1 and 2 length, and uroyal length; the other
measure is the width of the vertebrae.
PC2 distinguishes the bulk of the specimens of the
Pantano Viruca population. The parasphenoid length
and width are the only measures that are highly corre-
lated with PC2. PRSb is the only measure negatively cor-
related with PC2 (Table 3b). PC2 scores for individuals
from the Pantano Viruca population diVer signiWcantly
from those of all other populations. Box plots of the
variables highly correlated with PC1 and PC2 are shown
in Fig. 5.
The Wrst node of the UPGMA cluster analysis, based
on the generalised Mahalanobis distance matrix, clearly
separates Pantano Viruca from all the other populations,
while the second node separates the remaining two
south-eastern Sicilian populations (Longarini and Foce
Marcellino) from the rest. The western Sicilian group
clusters together with the Maltese and the Tunisian
groups and shows greatest aYnity with the Tunisian
populations (Fig. 6).
Molecular analysis
For the molecular study, the sequences of a portion of
the D-loop between the tRNA proline and the CSBD
zone (length between 376 and 378 nucleotides) were
analysed and showed a total of 32 variable sites which
deWned 24 haplotypes from the 82 specimens examined.
The number of haplotypes identiWed for each population
were: two for Pantano Viruca, Salina, Ghar El Milh and
Salina Chiusa Trapani; three for Pantano Longarini,
Foce Marcellino, and the Ghadira Bird Sanctuary; Wve
for Salina Curto Marsala; and six for Lake Tunis South.
The number of segregating sites for diVerent haplotypes
Fig. 3 Diagrammatic representation of the mean percentages of sig-
niWcantly diVerent variables from paired comparisons, by Mann–
Whitney U test, in each group of populations (a) and between
groups of populations (b). Malta (Mal), South-eastern Sicily (SE
Sic), Tunisia (Tun), Western Sicily (W Sic)
a)
9 % W Sic 
27 %
Mal
43 %29 % 
SE Sic
Tun
b)
71 %
58 %
67 % SE Sic/Tun 
SE Sic/Mal 
W Sic/Mal
62 % 
48 %
W Sic/Tun
39 %
Mal/Tun SE Sic/W Sic 
Fig. 4 Results of PCA: a PC-scores of the nine populations; b cor-
relations of the diVerent morphometric characters with PC1 and
PC2; the variables highly correlated with PC1 and PC2 are in bold.
South-eastern Sicily: Foce Marcellino (FM), Pantano Longarini
(LO), Pantano Viruca (PV); Western Sicily: Salina Chiusa Trapani
(TP), Salina Curto Marsala (SMA); Malta: Salina (SAL), Ghadira
(GHA); Tunisia: Ghar El Milh (GEM), Lake Tunisi South (LTS).
For the code of the variables see Table 2 
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1544ranges from 3 (Pantano Viruca vs. Pantano Longarini
a) to 20 (Salina Curto Marsala vs. Pantano Longarini a)
(Table 4). As regards the percentage of divergence, the
analysis within the four groups indicates that the south-
eastern Sicily populations are the most diVerentiated
(percentage of divergence: minimum 0.5% Pantano Vir-
uca and Pantano Longarini, maximum 5% Foce Marcel-
lino and Pantano Viruca, and Foce Marcellino and
Pantano Longarini); within the other three groups, the
values of divergence range from 0 to 0.7% among the
western Sicilian and the Tunisian populations, and from
0 to 0.5% for Malta. Among the groups, the smallest
diVerentiation was for western Sicily and Malta (percent-
age of divergence between 0 and 0.5%), while the greatest
divergence was for the south-eastern Sicilian group and
Tunisia (from 1.8 to 5.3%) (Table 5). The NJ and MP
methods gave similar phylogenetic trees (Fig. 7). There is
a clear separation of the two Sicilian populations from
Pantano Longarini and Pantano Viruca from all the
other populations. The second node isolates the third
population from south-eastern Sicily, that of Foce Mar-
cellino, which is completely detached from the cluster
formed by the western Sicily/Malta/Tunisia populations;
within this last group there is a separation of the Tuni-
sian populations, while the populations of western Sicily
and Malta are not diVerentiated.
The Nested Clade Analysis (Templeton et al. 1995;
Templeton 1998, 2004) (data not shown) conWrms the
results of the phylogenetic analysis. In fact, the Pantano
Longarini and the Pantano Viruca haplotypes were not
inserted in the network due to their high degree of
divergence from the other haplotypes. From the nested
cladogram constructed using data from the remaining
killiWsh populations, only two clades were signiWcantly
separated from the rest (permutational chi-square proba-
bility value less than 0.05), revealing continuous range
expansion ‘for the haplotypes from the Maltese, Tunisian
and western Sicilian populations and allopatric fragmen-
tation’ of these with respect to the Foce Marcellino popu-
lation. These Wndings should be further substantiated by
a more detailed study of killiWsh populations along the
whole Sicilian coast, although the high genetic divergence
of the Pantano Longarini and Pantano Viruca populations,
located geographically close together, is further proof of
the eVective genetic isolation of the Foce Marcellino popu-
lation. Mantel’s test indicates a signiWcant correlation
between the molecular variability and the morphology of
the populations examined (G=2.423, P=0.01).
Discussion 
Molecular and osteological studies of populations of
A. fasciatus from the central Mediterranean have dem-
onstrated a high degree of diVerentiation in the south-
eastern Sicilian populations both within this group of
populations (Tigano et al. 2004a), and from three other
groups of populations from western Sicily, Tunisia and
Malta (this paper). Comparing the dendrograms result-
ing from the molecular and morphological analyses, it
can be observed that both analyses clearly diVerentiate
the south-eastern Sicilian populations from the others,
even if the topologies of the two dendrograms are diVer-
ent. This discrepancy, however, does not appear to be
signiWcant, and Mantel’s test indicates a strong correla-
tion between the two distance matrices based on molecu-
lar and osteological characters.
The observed diVerentiation of the killiWsh popula-
tions studied can be partly explained in terms of the pal-
aeogeographic history of the Mediterranean basin,
especially in relation to the evolution of the coastal envi-
ronments where the species examined here lives. The
genus Aphanius seems to be of Miocenic origin and stud-
ies by Hrbek and Meyer (2003) support a predominantly
vicariance-based speciation model for this genus, associ-
ated with the closing of the Tethys Sea. During the Mes-
sinian A. crassicaudus lived in the Mediterranean basin
(Gaudant 2002); however, the exact period when A. fas-
ciatus Wrst appeared is unknown, nor is it known if an
ancestral A. pliocenii existed (Gaudant in litteris). More-
over, Hrbek and Meyer (2003) attest that A. fasciatus is
the only species of the genus that does not Wt the hypoth-
esis of Messinian vicariant diVerentiation. During the
early Pleistocene, the Mediterranean did not form a
single marine unit but was fragmented into smaller east-
ern and western basins due to desiccation (Hsu 1972,
1983; Krijgsman et al. 1999); the ongoing westward
diVerentiation of Aphanius was most likely driven by this
geographic isolation. It is probable that A. fasciatus
Table 3 Statistical tests on PC scores: (a) test for diVerences in PC1
scores of individuals from nine populations of A. fasciatus; (b) test
for diVerences in PC2 scores (statistical signiWcance Mann–Whitney
U test)
For the abbreviations of the populations, see Table 1
n.s. not signiWcant
*P<0.05
**P< 0.01
***P< 0.001
TP SMA LO FM PV GHA SAL GEM LTS
(a)
TP –
SMA n.s.
LO *** *** –
FM *** *** *
PV *** *** n.s. n.s. –
GHA *** ** *** *** *** –
SAL *** *** *** *** ** * –
GEM *** *** *** *** ** n.s. n.s. –
LTS *** *** *** *** ** * n.s. n.s. –
(b)
TP –
SMA n.s. –
LO n.s. n.s. –
FM n.s. n.s. n.s. –
PV *** *** *** *** –
GHA * ** ** n.s. *** –
SAL n.s. * ** n.s. *** n.s. –
GEM n.s. n.s. n.s. n.s. *** * ** –
LTS n.s. n.s. * n.s. *** * n.s. n.s. –
1545already became separated from the main ancestral popu-
lation before the division of the Mediterranean Sea into
two basins was complete. During the Pliocene (from 5 to
1.7 million years ago) Sicily consisted of two islands sep-
arated from the nearby land masses: one, to the north,
that included northern Sicily (equivalent to today’s Sicil-
ian provinces of Trapani, Palermo and Messina) and a
smaller one that comprised the present Hyblean region
(equivalent to today’s Sicilian provinces of Ragusa and
Syracuse) (Blanc 1942; Pasa 1953; La Greca 1957); the
isolation of the Hyblean region was only interrupted for
brief periods through a connection with the island of
Malta during marine regressions in the Pleistocene, fol-
lowing the last of which, all connections to the land
masses around Sicily were deWnitively interrupted.
Therefore, the pronounced diVerentiation of the three
killiWsh populations from south-eastern Sicily from the
other populations studied here, can be explained in terms
of the relatively long period of isolation of the Hyblean
region. Moreover, the data presented here and that
derived from the molecular substitution rate generally
accepted for the mitochondrial control region of Wsh
(Stepien et al. 2001) suggest that the Pantano Viruca and
Pantano Longarini populations from south-eastern Sic-
ily could be of Pliocenic origin. This marked diVerentia-
tion of the south-eastern Sicilian group of killiWsh
populations is indicated by the high percentage of
sequence divergence (ranging from 1.5 to 5.3%) with
respect to the other three groups of killiWsh populations
(Table 5). The range of molecular clock rates generally
Fig. 5 Box plots showing the 
median (Wlled square), the 25th 
and 75th percentiles ( ) and the 
data range ( ) of the variables 
highly correlated wiith PC1 and 
PC2. For the abbreviation of the 
populations see Table 1 and for 
the code of the variables see 
Table 2 
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TP SMA LO FM PV GHA SAL GEM LTS
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7
8
9
TP SMA LO FM PV GHA SAL GEM LTS
PRSb
1
2
3
4
5
6
7
8
9
TP SMA LO FM PV GHA SAL GEM LTS
BB1b1
0,4
0,5
0,6
0,7
0,8
0,9
1,0
1,1
1,2
1,3
TP SMA LO FM PV GHA SAL GEM LTS
BB2b2
0,6
0,8
1,0
1,2
1,4
1,6
1,8
TP SMA LO FM PV GHA SAL GEM LTS
URb
2,0
2,4
2,8
3,2
3,6
4,0
4,4
4,8
TP SMA LO FM PV GHA SAL GEM LTS
VRy
0,2
0,6
1,0
1,4
1,8
2,2
2,6
TP SMA LO FM PV GHA SAL GEM LTS
1546accepted for the control region of Wsh (from 2 to 10%
sequence divergence per million years; Stepien et al.
2001) suggests that the period of isolation of the Hyblean
populations took place between 150,000 (fast clock cali-
bration) and 2,650,000 years (slow clock calibration) ago.
The Pantano Viruca and Pantano Longarini populations
have the highest sequence divergence (between 3.4 and
5.3%) while the third south-eastern Sicilian population
(Foce Marcellino) has a sequence divergence ranging
between 1.5 and 3.1% with respect to all the other popu-
lations examined; furthermore, within the south-eastern
Sicilian group, a high divergence between the Pantano
Viruca and Pantano Longarini populations and that
from Foce Marcellino (5% sequence divergence with a
population separation time between 500,000 and
2,500,000 years) is observed; this can be interpreted in
the light of palaeogeographic events that took place in
the Hyblean region in the Lower Pleistocene (about 1.7
million years ago) (Tigano et al. 2004a). Analogously, the
only diVerentiated population of A. fasciatus included in
the phylogenetic study by Hrbek and Meyer (2003) was
that from Lake Bafa in Turkey, with an average 6.86%
sequence divergence from other A. fasciatus populations,
corresponding to a 3.99 million year separation.
The use of haplotype networks allows a Wne discrimi-
nation of biological patterns as this technique examines
spatial/temporal patterns of genetic variation (Temple-
ton 1998). The values of permutational chi-square prob-
ability obtained in our study allow us to reject the null
hypothesis of no association between haplotype varia-
tion and geography for the two clades that show signiW-
cant geographical structure caused by “Contiguous
Range Expansion” for the haplotypes belonging to the
populations from Malta, Tunisia and western Sicily and
by “Allopatric Fragmentation” with respect to the
south-eastern Sicilian population from Foce Marcellino
(the Nested Clade Analysis did not allow us to include
the haplotypes from Pantano Viruca and Pantano Lon-
garini within the network because of their high diver-
gence). The bulk of the specimens from Malta and
Western Sicily exhbit the h1 and h2 haplotypes that
would be considered ancestral for their internal position
in the nested cladogram and several Tunisian specimens
exhibit the k1 and k2 haplotype (tip position) that seem
to be derived from the former. This haplotype pattern
could be related to past Pleistocenic climatic events that
caused notable changes in coastlines as a consequence of
marine regression and transgression. One interesting
hypothesis put forward by some authors (e.g. Aprile
1998) is the possible existence during the last Ice Age of
an archipelago between Sicily and the North African
coasts which could have promoted the range expansion
of an ancestral population of A. fasciatus. Bathymetric
data indicate a continuous submarine platform up to
200 m deep running from northern Tunisia to western
Sicily across the Adventure Bank, parallel to the south-
ern Sicilian coast, which borders the westernmost margin
of the Hyblean–Maltese platform and which extends
south to the Medina Bank; this whole area experienced
periodic, alternate emersion–immersion events during
the latest Quaternary tectonic movements (Finetti and
Morelli 1973; Ogniben et al. 1975; Ben-Avraham and
Grasso 1990). The low sequence divergence values (0–
0.7%) between the populations of western Sicily and
Malta are also reported by Hrbek and Meyer (2003),
who employed other mitochondrial genes.
With regards to morphological diVerences in the killi-
Wsh populations studied, it is known that environmental
factors may play a decisive role in intraspeciWc diVerentia-
tion. Studies by Murta (2000) showed that morphometric
characters are more susceptible to environmental varia-
tions than meristic characters. IntraspeciWc variation of
morphometric and meristic characters was assessed in
relation to the salinity of the environment in A. anatoliae
(Leidenfrost) by Grimm (1979) and in A. fasciatus by
Boumaiza et al. (1981); in addition, analysis of morpho-
metric data discriminated between the genetically diver-
gent Atlantic and Mediterranean populations of A. iberus
(Valenciennes) now generally regarded as two separate
species: A. iberus in the Mediterranean and A. baeticus in
the Atlantic (Doadrio et al. 2002). Moreover, intraspeciWc
morphological variation of several species of teleosts was
found to be related to the exploitation of food resources
and habitat, and to predation pressure (Huysseune et al.
1994; Milano et al. 2002; Maltagliati et al. 2003).
Although ecological studies of the diVerent habitats sam-
pled in this study were not made, it is evident that at least
two environmental factors—salinity (hyperhaline waters,
marine water with various contributions of freshwater)
and the size of the water body (small coastal ponds, salts-
works and a large coastal lake)—diVered greatly between
all the sites sampled.
The observed osteological diVerences in the popula-
tions of A. fasciatus studied here may be explained in
terms of the geographic isolation of the various popula-
tions, although the inXuence of environmental factors,
which diVer greatly between the various sites, cannot be
ruled out; therefore, further studies are necessary to test
how much of the observed osteological diVerentiation
could be due to phenotypic plasticity. The slight discrep-
Fig. 6 UPGMA dendogram of the generalised distance (X axis).
For the abbreviation of the populations, see Table 1 
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1548ancy between the two dendrograms resulting from the
molecular and osteological analyses may be attributed to
the fact that morphological variation is occasionally a
local response to diVerent environments, reXecting only
in part genetic diVerences (Jerry and Cairns 1998).
Finally, the results relative to the Pantano Viruca
population from south-eastern Sicily are very interesting
in that both morphological and molecular data are in
concordance that this population is unique; this popula-
tion is diVerentiated by the shape of the parasphenoid as
well as being characterised by a haplotype present in nine
out of ten specimens examined, which could be the con-
sequence of the founder eVect.
In conclusion, the wide range of the sequence diver-
gence (ranging between 0 and 5.3%), indicates that, in
some cases, there is a high degree of diVerentiation
between the killiWsh populations of south-eastern Sicily
and the other populations studied; moreover, diVerentia-
tion is also evident on a more local scale (e.g. between the
populations from Pantano Longarini and Pantano Vir-
uca and that from Foce Marcellino). In other cases
(Malta and western Sicily), the molecular analysis indi-
cates an absence of diVerentiation. The allozyme data
reported by Maltagliati (1998a, 1999, 2002), Maltagliati
et al. (2003), and Cimmaruta et al. (2003) show a high
degree of genetic divergence between thirty Italian popu-
lations of A. fasciatus, while, on a more local scale, the
authors demonstrate the existence of a genetic structure
of these killiWsh populations resulting from occasional
gene Xow, and from evolutionary forces that are stochas-
tic (drift) or deterministic (natural selection), which act
together to shape the gene pool of the species. Analo-
gously, allozymic and morphological studies by Ferrito
et al. (2003) indicate well-supported diVerentiation
between two Adriatic and two Sicilian populations of
A. fasciatus. On the other hand, the molecular data of
Hrbek and Meyer (2003) revealed only a limited genetic
diVerentiation in seven populations of A. fasciatus and,
consequently, a limited genetic structuring of this species.
Therefore, the genetic structuring of A. fasciatus still
appears to be controversial. Data from the present study
and from the analysis of the mitochondrial DNA by
Costagliola et al. (2003) and by Tigano et al. (2004b) indi-
cate that at least 41% of the studied populations are well
diVerentiated; taking into consideration the ample distri-
bution of this species, it is probable that this percentage
could be higher. Therefore, the results reported here,
while interesting, indicate the need for more extensive
sampling and comparison of populations. Nevertheless,
these results, together with those already reported in the
literature, provide a valid knowledge base for the
understanding of the micro-evolutionary processes acting
in A. fasciatus populations and for the implementation of
management plans aimed at conserving the adaptive
Table 5 Riassuntive table of matrices of the pairwise distances for the mitochondrial control regions (the values of diVerence are in
percentages)
The maximum and minimum values are shown. For the abbreviations of the populations see Table 1
LO PV FM TP SMA LTS GEM GHA SAL
Sicily south-east LO
PV 0.5–0.7
FM 3.9–5.0 4.2–5.0
Sicily west TP 3.7–4.5 3.9–4.4 1.8–2.3
SMA 3.4–4.5 3.7–4.5 1.5–2.3 0.0–0.7
Tunisia LTS 3.7–5.3 3.9–5.0 1.8–3.1 0.2–1.3 0.2–1.5
GEM 3.9–5.0 4.2–5.0 2.1–2.9 0.2–1.0 0.2–1.3 0.0–0.7
Malta GHA 3.7–4.5 3.9–4.4 1.8–2.3 0.0–0.2 0.0–0.5 0.2–1.3 0.2–1.0
SAL 3.7–4.5 3.9–4.5 1.8–2.3 0.0–0.5 0.0–0.5 0.2–1.3 0.2–1.0 0.0–0.5
Fig. 7 Tree obtained both with the neighbour-joining and maxi-
mum parsimony methods. Values above branches represent NJ
bootstrap estimates, those below branches represent MP estimates,
based on 1,000 replications in both cases (>50%). For the abbrevia-
tion of the populations, see Table 1 
b (LO 4)
b1 (LO 1)
c (PV 9)
d (PV 1)
a (LO 5)
h1 (SAL 6; GHA 3)
h2 (TP 7; SMA 5; GHA 2)
q2 (SMA 1)
q1 (TP 3)
j (GHA 2)
r (SMA 1)
i (SAL 2)
m (LTS 1)
p (GEM 2)
l (LTS 1)
o (LTS 1)
k1 (GEM 7; LTS 4)
n (LTS 1)
k2 (LTS 2)
s (SMA 1)
t (SMA 1)
e (FM 7)
f (FM 1)
g (FM 1)
A. danfordii
51
52
52
64
64
100
100
71
75
58
57 80
91
96
61
74
53
63
82
95
1549variability in this species, some populations of which are
in danger of extinction.
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